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Effects of tannins and saponins contained in foliage of Gliricidia sepium and pods of 
Enterolobium cyclocarpum on fermentation, methane emissions and rumen microbial 
population in crossbred heifers 
Short title: Methane mitigation in cattle fed foliage and pods of tropical legumes. 
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Incorporation of foliage and pods of tropical legumes in ruminant rations is an alternative to 
mitigate enteric methane emissions. The objective of this research was to evaluate the effect 
of adding increasing levels of ground pods of Enterolobium cyclocarpum (Jacq.) Griseb. 
mixed with foliage of Gliricidia sepium (Jacq.) Steud. on emissions of ruminal methane 











heifers (218 ±18 kg LW) were fed (13 days) 0, 15, 30, and 45% of pods of E. cyclocarpum 
mixed with foliage of G. sepium, which were supplemented to a basal ration of Brachiaria 
brizantha (Hochst. ex A. Rich.) Stapf. Data were analyzed as a 4×4 Latin square. After three 
days of CH4 measurements in open-circuit respiration chambers, rumen fluid was collected 
to determine volatile fatty acid (VFA) molar proportions and quantify the microbial 
population. Samples of ration ingredients, refusals and feces were collected to evaluate 
nutrient composition. Foliage and pods of legumes provided crude protein (CP), condensed 
tannins (CT) and saponins, while grass was characterized by higher concentrations of 
neutral detergent fiber (NDF). Dry matter intake (DMI) was 5.35 kg/day on average 
(P=0.272). Apparent fiber digestibility was reduced (81 g/kg) and digestible CP intake (13 
g/kg) increased when E. cyclocarpum mixed with G. sepium in rations were given (P<0.05). 
Incorporation of legume foliage and pods had a linear effect on molar proportions of butyric 
acid and acetic to propionic acid ratio (P<0.05). Methane production, expressed on basis to 
digestible dry matter intake (DDMI), ranged between 43.22 and 49.94 g/kg DDMI (P=0.131) 
and when CH4 was related to digestible CP (347 vs. 413 g CH4 /kg DCP) or annual weight 
gains (0.30 vs. 0.38 kg CH4/kg weight gain, P<0.001) there were differences between the E. 
cyclocarpum mixed with G. sepium rations compared to the control treatment, respectively. 
Rumen population of total bacteria, methanogenic archaea, and total protozoa was not 
affected by the increasing levels of condensed tannins and saponins in rations (P>0.05). 
Substitution of 15 and 30% of pods of E. cyclocarpum mixed with foliage of G. sepium in the 
ration, decreases annual methane emissions per unit product, without affecting dry matter 
intake or rumen microbial population, on the contrary, digestible CP intake and animal 
productivity increased due to supply of CP, CT and saponins.  













In spite of its contributions to food security and employment for rural families, agriculture has 
an environmental impact (Hyland et al., 2016), since it contributes between 20 and 35% of 
the total greenhouse gas emissions (Jayanegara et al., 2015). Livestock produces 
greenhouse gases such as nitrous oxide and methane; the latter has a warming potential 
28 times higher than carbon dioxide and an increase of 86% has been predicted to occur 
over the next twenty years (Myhre et al., 2013). Production of methane during carbohydrate 
fermentation in the rumen represents an inefficiency in energy utilization at the whole-animal 
level (Millen et al., 2016; Patra & Lalhriatpuii, 2016) which negatively affects the economy 
of producers. Therefore, it is important to identify methods and strategies to find a balance 
between minimizing environmental impacts and intensifying animal productivity to meet 
requirements of animal protein by the world population (Roehe et al., 2016; Rojas-Downing 
et al., 2017; Richards et al., 2018) in the years to come.  
In the search for new knowledge that highlights the importance of intensive silvopastoral 
systems as modalities of land use contributing to mitigation and adaptation to climate 
change, several authors have shown that including legume foliages and pods in the ration 
is an alternative to reduce greenhouse gas emissions in the tropics (Barahona et al., 2014; 
Ku-Vera et al., 2014). Those forages species commonly used in this systems usually contain 
condensed tannins and saponins that alter the numbers of rumen microbes such as 
archaea, protozoa, and fibrolytic bacteria affecting fermentatives processes such as to 
reducer fiber digestibility (Bodas et al., 2012), while increasing the supply of protein and 
energy available to the animal (Patra and Saxena, 2009; Saminathan et al., 2016). Thus, 
the inclusion of local forage resources such as foliage of Gliricidia sepium and pods of 
Enterolobium cyclocarpum to a basal ration of grass is a viable means to provide protein 











et al., 2012) in practical ruminant rations. Hence, some other reports indicate an additional 
effect in the reduction of net methane emissions when G. sepium and E. cyclocarpum are 
independently included in the diets The emission reductions were calculated between 5 and 
10% when compared to the emissions of similar diets lacking these ingredients (Rira et al., 
2015; Albores-Moreno et al., 2017). The objective of this research was to evaluate the effect 
of increasing levels of pods of Enterolobium cyclocarpum mixed with foliage of Gliricidia 
sepium in a ration based on tropical grass on emissions of enteric methane, rumen 
fermentation, and microbial population of crossbred heifers.  
 
Materials and methods 
Location 
The study was conducted at the Laboratory of Climate Change and Livestock Production of 
the Faculty of Veterinary Medicine and Animal Science, University of Yucatan, located at 
21°15’ North latitude and 83°32' West longitude, in Merida, Mexico. Average temperature 
and annual rainfall in the region are 26.2°C and 1014 mm, respectively (INEGI, 2017). 
Animals and experimental design 
This experiment was conducted in accordance with a protocol approved by the Ethics 
Committee of Faculty of Veterinary Medicine and Animal Science for the welfare of 
experimental animals. 
Four crossbred (Bos taurus X Bos indicus) heifers with an initial weight of 218 ±18 kg (12 
months old) were used. Experimental rations were fed to each animal in a 4 x 4 Latin-square 
design. Each period of the experiment consisted of a 13-day adaptation period, 3 days of 











cleaning period consisting of 10 days between feeding periods was given, the ration fed 
during the cleaning period consisted of 79.9% Brachiaria brizantha (Hochst. ex A. Rich.) hay 
and 20.1% of balanced mix based on soybean meal, wheat bran, cane molasses and 
minerals (10.7% CP and 9.2 MJ ME/kg DM). 
Experimental rations and feed intake 
Pods of Enterolobium cyclocarpum (Jacq.) Griseb. and foliage of Gliricidia sepium (Jacq.) 
Steud. were collected in Merida and Tizimin (Yucatan), respectively, in the June and July 
2016. Pods were dried at 55°C in a forced air oven for three days, while the leaves of G. 
sepium were air-dried; both materials were ground to a particle size of 2 mm in a hammer 
mill (Azteca®, Monterrey, Nuevo León, México) to be fed to the animals at a later date. 
Leaves of G. sepium were harvested at an age of regrowth of 60 days. 
Four levels of incorporation of foliage of G. sepium mixed with pods of E. cyclocarpum (both 
in equal proportions) were evaluated (0, 15, 30, and 45% DM basis). Basal ration was 
Brachiaria brizantha (Hochst. ex A. Rich.) Stapf. hay (90 days regrowth) supplemented with 
soybean meal, wheat bran, cane molasses, and 65 g/day of a commercial mineral mixture. 
Table 1 and 2 shows proportions and nutritional composition of ingredients and experimental 
rations. Feeding regimes met the maintenance and growth requirements of heifers, 
according to the National Research Council (NRC, 2016). Heifers were randomly assigned 
to four experimental rations and housed in individual pens with free access to water. Daily 
feed intake was calculated as the difference between the amount fed and that refused the 
following day. Feces were collected daily in trays which allowed for the separation of urine 
from feces prior to weighing. Cattle were weighed at the beginning and end of each period 
on a one-ton scale (Revuelta®, DF. Mexico). 











[Insert Table 2 around here] 
Chemical analysis and digestibility 
Samples of ration ingredients, refusals and feces were pooled by period and frozen at -4°C 
before being analyzed.  All materials were dried at 55°C for 48 h in a forced-air oven to 
calculate dry matter (DM), ground to pass a 1-mm screen in a Wiley® mill and analyzed in 
the Forage Quality and Animal Nutrition Laboratory, CIAT (Colombia) for ash (4 h at 500°C; 
AOAC, 2005: method 942.05) and crude protein (CP=N×6.25; Kjeldahl AN 3001 FOSS; 
AOAC, 1990: method 984.14). Neutral detergent fiber and acid detergent fiber content were 
determined using the method proposed by Goering and Van Soest (1970), adapted to an 
Ankom Fibre Analyzer AN 3805 (Ankom® Technology Corp. USA). Gross energy was 
analyzed following the procedure described in ISO 9831.1998. Total phenol and phenols 
tannin contents were determined using the Folin-Ciocalteu's method (Makkar, 2003) 
following the equation: Y=0.0391x + 0.0246; where Y is the amount of tannins and x is the 
standard (R2 = 0.9962) obtained from the standard tannic acid solution (Sigma-Aldrich® MO, 
USA).  Condensed tannins were measured using the Proanthocyanidins method (Porter et 
al., 1986) with the butanol-HCl reagent. Content of saponins was determined through the 
method proposed by Oleszek, (1990) (haemolytic micro-method test) with the Saponin 
Quiallaja sp standard (Sigma-Aldrich® MO, USA). Digestibility of DM was determined from 
the total feces output (Schneider and Flatt, 1975) during days 17-19 of each period. Feces 
were weighed and a sub-sample (10%) was taken, then dried (55°C) and ground (1 mm) for 
further analysis. 
in situ incubation of feed ingredients 
Three crossbred (Bos taurus X Bos indicus) mature cows each fitted with a plastisol rumen 
cannula were used to estimate in situ degradation (Ørskov et al., 1980) of feed ingredients. 











based on soybean meal, ground corn, urea and cane molasses (11.1% CP and 8.6 MJ/kg 
DM) with free access to water. In each incubation time, five grams of each forage, pods and 
grains were weighed by triplicate into nylon bags (7 x 14 cm; 53-micron pore size). Bags for 
zero time determination were soaked in tap water for 5 minutes while the other bags were 
removed from the rumen at 3, 6, 12, 24, 36, 48 hours post-incubation (for soybean meal), at 
72 h for G. sepium, E. cyclocarpum, and wheat bran, and at 96 h for B. brizantha hay to be 
washed, dried (55°C for 72 h), and weighed. Percentage of rumen degradability (Y) at time 
(t, h) of incubation was obtained from the equation Yt = a + b × (1−e
−c*t) proposed by Ørskov 
and McDonald (1979) using the SAS 9.4 nonlinear regression model (SAS Inst. Inc., 2012). 
For interpretation of the parameters: ‘a’ is the soluble and rapidly degradable fraction, ‘b’ is 
the slowly degradable fraction, ‘c’ is the constant rate of disappearance (/h), and ‘t’ is the 
time of incubation (h) ‘e’ is the base of natural logarithms (2.71828). Effective rumen 
degradability (ERD) was calculated as ERD (g/kg DM) = (a + b × c) / (c + Kp), where the 
parameters a, b, and c, have the aforementioned meaning and ‘Kp’ is the forage passage 
rate, which is 0.05 for hour for ruminants fed at low levels of production (NRC, 2001).  
Methane production  
Methane production was measured in two open-circuit respiration chambers, details on its 
description, operation, and calibration are given in Canul-Solis et al. (2017) and Valencia-
Salazar et al. (2018). Respiration chambers were made of insulated fenestrated panels 
mounted on a profiled floor, incorporating airlocks for entry and feeding. Total volume of 
chambers was 9.38 m3, and air was extracted by mass flowmeters (Sable Systems 
International®, NV, USA) set at 250 L/min. Temperature and humidity were controlled with 
air-conditioning units set at 23±1°C and 55±10% relative humidity, respectively. Chambers 
were operated under negative pressure (-275 Pa). Methane emission was measured with 











days for approximately 23 h per day after the cows were entered into the chambers 
individually. Respiration chambers were previously calibrated by infusion of a known amount 
of pure CH4 (Praxair® Gases Industrial Inc., Mexico; 99.997% purity), its recovery values 
ranged between 97–102%. The values obtained (ppm) in the ExpeData® software (Sable 
Systems International®, USA) were transformed to liters of methane per day, according to 
the equation developed by Arceo-Castillo et al. (submitted). CH4 energy was calculated 
using the conversion factor 55.24 kJ/g CH4 (Kriss, 1930). 
DNA quantification  
During the last three days of each period (days 17 to 19) ruminal fluid was collected via 
oesophageal tube four hours after feeding for the quantification of the rumen microbial 
population. DNA was extracted from 1 mL of ruminal fluid using a previously described 
purification method (Rojas-Herrera et al., 2008) in the Biotechnology Laboratory of the 
Faculty of Chemical Engineering at UADY, Mexico; then the samples were preserved at -
20°C for further analysis in the MEB Laboratory at CIAT, Colombia. Concentration and purity 
of extracted DNA was measured with the Nanodrop 2000 spectrophotometer (Thermo 
Scientific®, Wilmington, DE, USA) to be diluted ten times (1:10 i.e. DNA: ultrapure water). 
Abundance of total bacteria, total methanogens (16S) and total protozoa (!8S) was 
quantified running specific quantitative polymerase chain reactions (qPCR; Rotor- Gene Q, 
QIAGEN®, MD, USA). Each qPCR reaction included 10 μL SYBR® Green (QIAGEN®, MD, 
USA), 1 μL of each primer, 2 μL of DNA samples plus 6 μL of ultrapure water. Primers for 
total bacteria used were Forward: 5´-ACTCCTACGGGAGGCAG-3´ and Reverse: 5´-
GACTACCAGGGTATCTAATCC-3´ (Stevenson and Weimer, 2007). Methanogenic archaea 
primers were Forward: 5´- GGATTAGATACCCSGGTAGT-3´ and Reverse: 5´- 
GTTGARTCCAATTAAACCGCA-3´ (Hook et al., 2009). Total protozoa primers were 











CTTGCCCTCYAATCGTWCT-3´ (Sylvester et al., 2004). Temperature of annealing by 
qPCR amplification were 57, 60 and 55°C for total bacteria, methanogenic archaea and total 
protozoa, respectively. Standard curves for microbes were generated with 101 to 108 copies 
of recombinant plasmids per μL from the cloning and transformation of competent cells of 
Escherichia coli. Number of copies of the DNA template was calculated using the equation 
developed by Faseleh et al. (2013) and the absolute abundance was expressed as 
copies/mL of culture sample and transformed to Log10. Estimation of copy numbers for the 
samples was made from the linear relationship between the threshold amplification (Ct) and 
the logarithm of 16S o 18S DNA copy numbers from the standard (r2, 0.999, with a primer 
efficiency of approximately 98± 2%, and a slope value of 3.4). Each estimate had an average 
of three replications.  
Rumen fermentation parameters 
Four mL of rumen fluid were added to a tube containing 1 mL of 25% metaphosphoric acid 
and frozen at -20°C for subsequent analysis of volatile fatty acid (VFA). VFA proportions 
were determined by high-performance liquid chromatography (HPLC; Shimadzu® series 
20A) equipped with an UV/VIS detector at a wavelength of 210 nm (SPD-20AV) and a 
chromatography column (BIO-RAD Aminex HPX-87H). The mobile phase was prepared for 
analysis with H2SO4 0.005 M with a flow of 0.7 mL/min and an injection volume of 20 μL. 
Molar proportions of volatile fatty acids were calculated by the retention times and the peak 
area of the commercial standards of acetic, butyric, and isobutyric acids (10,100, 250, 1000, 
1500, 2000, and 3000 ppm) and corrected by the molar mass of each of them. All 
measurements and calculations were performed at the Forage Quality and Animal Nutrition 
Laboratory at CIAT, Colombia. pH of the rumen liquor sample was determined immediately 












In order to determine the effect of treatments on the intake, digestibility, volatile fatty acids, 
pH, production of methane, rumen population, and gain weight, the PROC MIXED procedure 
of SAS® software, version 9.4 (SAS Institute Inc., Cary, NC, USA, 2012) was used. Mean 
separation was made by using the Tukey test with an alpha of 0.05. The model is described 
below: 
Yijk = μ + δ i + Pj + βk + ҽij 
where: Yijk is the response of subject k under ration i, during period j; μ is the population 
mean, δ i is the effect of the i-th diet (i =1…, 4), Pj is the effect of the j-th period (j=1…, 4), βk 
is the effect of the k-th heifer (k=1…, 4), and ҽi is the experimental error. 
 
Results 
Intake and apparent digestibility 
Heifers consumed an average of 5.4 kg DM per day, this value, along with intake of OM, 
NDF and ADF (4.96, 3.26, and 1.99 kg/d, respectively) was not affected by the incorporation 
of foliage of G. sepium mixed with pods of E. cyclocarpum in the ration (P>0.05). However, 
intake of crude protein, tannins, and saponins increased linearly when the content of grass 
was reduced in the ration (Table 3). Cattle with access to legume leaves and pods showed 
lower apparent digestibility of NDF and ADF than when they were fed only grass. On the 
other hand, the apparent digestibility of CP had a quadratic trend (P<0.05). Digestible DM, 
OM, NDF, and ADF intakes were similar between the control (Brachiaria brizantha) and 
experimental treatments, the only difference was that digestible CP intake increased by 0.14 
times on average in the treatments with incorporation of G. sepium and E. cyclocarpum 











71.8 MJ/d, respectively) did not show a significant difference among diets (P>0.05). Average 
daily gain of heifers were 453 g/d (P=0.585).   
[Insert Table 3 around here] 
in situ degradation and rumen fermentation parameters 
In situ incubation of all ration ingredients showed that the rapidly degradable fraction from 
DM in the rumen was highest for the pods (623.3 g/kg DM), while Brachiaria brizantha and 
soybean meal showed the highest values for the slowly degradable fraction (458.0 and 
449.1 g/kg DM, respectively. P<0.001, Table 4). Degradation rate (k) of raw materials ranged 
between 0.34 and 0.18 per hour (P<0.001). Effective rate of degradation (ERD) in the grass 
species was 0.45 times (average) lower than the pods and soybean meal ((454.8 vs. 892.6 
and 761.4 g/kg DM ERD, P<0.001, respectively). 
[Insert Table 4 around here] 
Inclusion of up to 45% of E. cyclocarpum pods mixed with G. sepium to a Brachiaria 
brizantha ration did not affect rumen pH, which ranged between 6.66 and 7.03 (P=0.350. 
Table 5). Although the proportions of acetic and propionic acid in the rumen did not show 
variation between treatments with and without pods and foliage (P=0.063 and P=0.079, 
respectively), a linear response was observed for butyric when they were incorporated in 
the ration (P= 0.034). Ratio of acetic to propionic acids in the rumen (A: P) had an average 
value of 3.1 (P=0.079) and a linear contrast (P=0.031) 
[Insert Table 5 around here] 
Methane production 
Average enteric CH4 emission expressed as g CH4 per kg DMI of heifers were 











cyclocarpum were incorporated in the ration (P=0.050). There was an effect (P=0.003) of 
the supplementation with legume foliage mixed with pods on methane production, 
expressed as CH4 g/kg of DCP, this decreased an average of 0.16 times (413 vs. 347 g 
CH4/kg DCP) when rations were supplemented with G. sepium mixed E. cyclocarpum, 
compared to unsupplemented treatment. Addition of 15 and 30% of G. sepium and E. 
cyclocarpum to the grass ration showed a reduction of methane emissions of 0.10 kg CH4/kg 
WG/year, compared to treatments containing 0 and 45% (P<0.001). 
[Insert Table 6 around here] 
DNA quantification  
Effects of feeding different levels of foliage of G. sepium mixed with pods of E. cyclocarpum 
on the rumen microbial population of heifers are shown in Table 7. In the present study, the 
copy numbers transformed in logarithms of the total bacteria, archaea and protozoa were 
not significantly affected by the dietary treatments. Total bacteria and methanogenic 
archaea were 9.8 y 7.7 [log10] on average, respectively. Copy numbers transformed of the 
18S gene (total protozoa) had a quadratic trend when including increasing levels of pods 
and foliage of tropical legumes in the ration. 
[Insert Table 7 around here] 
 
Discussion 
Implementation of sustainable systems of cattle production in the tropics with local forage 
supplements improves nutritional characteristics of the ration which may favour fermentative 
activity in the rumen, mitigate greenhouse gas emissions, and increase animal productivity 











pods of E. cyclocarpum and foliage of G. sepium foliage provided CP, CT and saponins. 
The content of CT of G. sepium was in the range reported in the literature 2 to 121 mg CT/g 
DM (Balogan et al., 1998, Schofield et al., 2001, García and Medina, 2006, Rira et al., 
2015;). The ample range hereby reported could have been due to the fact that the content 
of CT depend on age, variety or ecotype, part of the plant, processing, environmental or 
agronomic factors, among others (Ojeda et al., 2015; Patra et al., 2017). Concentrations of 
CT and saponins in pods of E. cyclocarpum were similar to those reported by Hess et al. 
(2003) and Albores-Moreno et al. (2017). 
In the present experiment dry matter intake was not affected in the heifers, despite 
differences in rumen degradation parameters (A, B, Kp, and ERD) between the grass and 
other components of the ration that could negatively affect retention time of digesta in the 
rumen (Valderrama and Anrique, 2011). Similarly, Briceño-Poot et al. (2012), Piñeiro-
Vazquez et al. (2013), Phesatcha and Wanapat (2016) and Valencia-Salazar et al. (2018) 
found that supplementation of ruminants with pods and legume foliage rich in CT and 
saponins had no effect on feed intake, possibly because CT and saponin concentrations in 
the rations were not higher than 50 and 40 g/kg DM, respectively (Patra and Saxena, 2009 
and 2011), which could negatively affect feed palatability (Laudau et al., 2000). 
An quadratic effect on the apparent digestibility of dry matter (DMD) by supplementation 
with G. sepium and E. cyclocarpum was registered, when levels exceeded 30% in a ration 
based on tropical grasses this decrease; this was explained by the variation in passage rate 
from the rumen (Cabezas-Garcia et al., 2017). For instance, Briceño-Poot et al. (2012) and 
Piñeiro-Vázquez et al., (2013) reported a 9-13% reduction in DMD with the inclusion of E. 
cyclocarpum pods (up to 50%), while G. sepium increased DMD between 2 and 14% (Alayon 
et al., 1998; Mpairwe et al., 1998; Widiawati et al., 2007). These parameters did not differ 











and ADF by including E. cyclocarpum and G. sepium; this can be explained by the multiple 
adverse effects of CT’s on animal fermentative processes. These secondary metabolites 
can negatively affect the adhesion of cellulolytic bacteria to the substrate, reduce the activity 
of fibrolytic enzymes, inhibit the growth of the cellulolytic population or form complexes with 
cellulose that inhibit degradation in the rumen (Silanikove et al., 1996; Bento et al., 2005; 
Batta et al., 2015; Patra and Saxena, 2017). In addition, saponins can also change the site 
of fiber degradation in the digestive tract of ruminants or inhibit microbial growth (Patra and 
Saxena, 2009, Morgavi et al., 2012). In the present experiment, a quadratic response to 
increasing amounts of saponins on apparent CP digestibility was observed, substitution of 
45% of the grass, gave lower values of CP digestibility, than when the ration incorporated 
only 15% of the legume mixture. Nonetheless this could be possibly explained by the 
concentration of CT in the ration. This can be rationalized by the concentration of CT in the 
ration, as it can form a CT-CP complex that prevents this nutrient from being degraded in 
the rumen by microorganisms, to be made available further down the lower gastrointestinal 
tract (Barahona et al., 1997, Patra and Saxena, 2011). This in general can increase the 
efficiency of microbial protein synthesis in the rumen (Gemeda and Hassen, 2018). 
This study suggest that CH4 emissions (g/d) by cattle were not affected by the inclusion of 
foliage of G. sepium mixed with pods of E. cyclocarpum in the ration at increasing levels. 
This could be due to a possible effect of time (i.e. an increase intake due to growth of animal) 
which biased a possible response. Such results differ from those obtained by Rira et al. 
(2015), which found that CH4 production decreased linearly due to the inclusion of these 
tannin-rich legume species or those reported by Albores-Moreno et al. (2017), which showed 
a 0.35 times mitigation of CH4 emissions when hair sheep consumed 300 and 450 g DM of 
ground pods of E. cyclocarpum. However, this tendency was observed when CH4 production 











affects the emissions CH4 (Hristov et al. 2013). Values of CH4 production on a DDMI basis 
(43.22 to 49.9 g/kg DDMI) were higher than those reported by Seresinhe et al. (2012), Molina 
et al. (2013), Aderinola and Binuomote (2014) and Asaolu et al. (2014) when incubating G. 
sepium (16.8-28.1 CH4 mg/g DDMI) with a tropical grass.  
Some of the factors that influence production of enteric methane are related to rumen pH. 
According to Janssen (2010), the low partial pressure of H2 promotes synthesis of CH4. The 
results hereby described agree with those from authors such as Silivong et al. (2013), Rira 
et al. (2015) and Albores-Moreno et al. (2017), who did not find changes in rumen pH when 
they supplied or incubated G. sepium or E. cyclocarpum in different proportions in the ration. 
In addition, pH values obtained in this study are within the optimal range (7±0.5) for the 
growth of microorganisms and production of volatile fatty acids (Van Kessel and Russell, 
1996; Lana et al., 1998). Molar proportions of acetic and propionic acid in the rumen found 
in this study did not differ among treatments, perhaps because the levels of CT and saponins 
in the ration did not drastically affect salivation, pH, rate of passage, or VFA absorption 
through the rumen wall (Bhatta et al., 2009; Saxena and Patra 2009; Bodas et al., 2012; 
Roehe et al., 2016). In studies with legumes such as Leucaena leucocephala or G. sepium, 
Rira et al. (2015) concluded there were no changes in VFA proportions due to their inclusion 
in the rations. However, in the present research a linear trend was observed to increase 
butyric acid and decree acetic: propionic ratio when the amount of E. cyclocarpum plus G. 
sepium increased. Other studies have reported increases in the molar proportion of 
propionic and butyric acids because the steroidal saponins change the H2 pathways for the 
synthesis of these energy products and not of CH4 (Albores-Moreno et al., 2017; Valencia-
Salazar et al., 2018). 
Microorganisms play an important role in proper rumen functioning (Cammack et al., 2017). 











produce VFA and H2, but the archaea attached to their surface use free H2 to produce CH4 
and thus reduce the negative pressure in the rumen (Cersosimo et al., 2015; Millen et al., 
2016). As a result, there is an association between methanogenic bacteria and rumen 
protozoa (Finlay et al., 1994). In their absence, methane can be decreased by around 11% 
(Newbold et al., 2015). However, CH4 emissions are more related to methanogenic activity 
than to the total microbial population present in the rumen (Popova et al., 2011); although 
this relationship is more complex when dietary changes occur. In the present study, inclusion 
of saponins did not affect the amount of microorganisms, probably because the 
concentration of saponins was low and, in contrast, it is possible that permeability of the 
membrane was increased in a controlled way, producing higher absorption of nutrients, 
which could result in benefits to the host or perhaps the effect of saponins was transient 
(Patra and Saxena, 2009). According to Newbold et al. (1997) bacteria can degrade 
saponins to non-toxic compounds for protozoa. A study carried out by Martinele et al. (2014) 
did not report differences in 10 species of protozoa with respect to the control (274.2 vs. 
248.1x104 protozoa/mL) when they replaced 13 to 40% of corn silage with Gliricidia sepium 
in lamb rations. Contrary to this, authors such as Monforte-Briceño et al. (2005), Degaldo et 
al. (2010), and Albores-Moreno et al. (2017) indicated that protozoa defaunation occurred 
(up to 40%) due to the presence of secondary metabolites contained in G. sepium or pods 
of E. cyclocarpum, because of cell lysis. According to Rira et al. (2015) or Angarita et al. 
(2015) there was no difference in the methanogen population among the treatments under 
study (species rich in tannins such as Leucaena leucocephala, G. sepium or Manihot 
esculenta).   
In the rumen, synthesis of methane has an energy cost, in stoichiometric terms, in rations 
high in grains, the loss of gross energy would be minimal (2%); the opposite occurs when 











15% of gross energy (Johnson et al., 2007; Patra and Lalhriatpuii, 2016). In the present 
study, energy loss as CH4 (% GE) ranged between 8.8 and 9.6%; these values are 
comparable to those reported for beef cattle fed low-quality rations in tropical regions (Ym 
between 7-9%; Kaewpila and Sommart, 2016, Molina et al., 2016).  
Weight gains of heifers ranged between 382 and 556 g/d. In spite of not showing differences 
between treatments, this values are consistent with other experiments with cattle, where 
their weight gain was increased by adding G. sepium to the ration (355 to 753 g/d. 
Abdulrazak et al., 1997). In addition, when calculating annual CH4 emissions by weight gain, 
differences were found between treatments with or without legume or pod inclusion, this 
coincides with the results reported by Hyland et al. (2016), who stated that both parameters 
are inversely correlated and the explanation for this trend lies is the dilution of maintenance 
energy (Hristov et al., 2013). In addition, Ellis et al. (2012) argued that the increase in protein 
concentration and soluble sugars in the ration can decrease production of CH4 per unit 




Substitution of 15 and 30% of ration dry matter as pods of E. cyclocarpum mixed with foliage 
of G. sepium, decreases the annual emissions of methane per unit product, without affecting 
daily dry matter intake or the rumen microbial population. On the contrary, digestible CP 
intake increased due to the supply of crude protein, condensed tannins and saponins 
contained in the foliage and pods of the two legume species. Studies on the long term effects 
of feeding those legumes to cattle and nitrogen balance are warranted as well as the study 











Funding: We thank the Molina Center for Energy and the Environment (La Jolla, CA, USA) 
for financial support to keep the respiration chambers running and CINVESTAV-IPN, Merida 
for supplying pure methane cylinders for chamber calibration. We are indebted to the Dairy 
Unit at FMVZ-UADY for lending the experimental heifers. The senior author thanks 
CONACYT-Mexico for granting a Ph.D. scholarship at FMVZ-UADY, Mexico. This work was 
undertaken as part of the Climate, Food and Farming (CLIFF) Network and the 
LivestockPlus project, both funded by the CGIAR Research Program (CRP) on Climate 
Change, Agriculture and Food Security (CCAFS). We are most grateful to Santa Cruz cattle 
farm, Tizimin, Yucatan, Mexico for supplying the Gliricidia sepium used in the present work. 
 
Conflict of Interest 
The authors state that there is no conflict of interest in relation to this work. 
 
References 
Abdulrazak, S.A., Kahindi, R.K., Muinga, R.W., 2006. Effects of Madras thorn, Leucaena and 
Gliricidia supplementation on feed intake, digestibility and growth of goats fed Panicum hay. 
Livest. Res. Rural. Dev. 18(9). 
Aderinola, O. A., and Binuomote, R., 2014. Comparative study on the in vitro digestibility of Moringa 
oleifera, Gliricidia sepium and Blighia sapida. I.J.S.R. 3(7). 
Alayon, J.A., Ramirez-Aviles, A., Ku-Vera, J.C. 1998. Intake, rumen digestion, digestibility and 
microbial nitrogen supply in sheep fed Cynodon nlemfuensis supplemented with Gliricidia sepium. 
Agrofor. Syst. 41, 115–126. 
Albores-Moreno, S., Alayón-Gamboa, J.A., Ayala-Burgos, A.J., Solorio-Sánchez, Aguilar-Pérez, C.F., 
Olivera-Castillo, L., Ku-Vera, J.C., 2017. Effects of feeding ground pods of Enterolobium 
cyclocarpum Jacq. Griseb on dry matter intake, rumen fermentation, and enteric methane 
production by Pelibuey sheep fed tropical grass. Trop. Anim. Health Prod. 49, 857–866. 
Angarita, E., Molina, I.C., Villegas, G., Mayorga, O., Chará, J., Barahona, R., 2015. Quantitative 
analysis of rumen microbial populations by qPCR in heifers fed on Leucaena leucocephala in the 











Arango, J., Gutiérrez, J.F., Mazabel, J., Pardo, P., … Serrano., 2016. Estrategias tecnológicas para 
mejorar la productividad y competitividad de la actividad ganadera: Herramientas para enfrentar 
el cambio climático. Cali, CO: Centro Internacional de Agricultura Tropical (CIAT). 58 p. ISBN: 
978-958-694-155-6; E-ISBN: 978-958-694-156-3. 
Arceo-Castillo, J., Montoya-Flores, D., Molina-Botero, I.C., Piñeiro-Vázquez, A., Aguilar-Pérez, C.F., 
Ayala-Burgos, A.J., Solorio-Sánchez, F.J., Castelán-Ortega, O.A., Quintana-Owena, P., Ku-Vera, 
J.C., 2018. Effect of the volume of pure methane released into respiration chambers on percent 
recovery rates. submitted to Measurement.  
Asaolu, V.O., Odeyinka, S.M., Binuomote, R.T., Odedire, J.A., Babayemi, O.J., 2014. Comparative 
nutritive evaluation of native Panicum maximum, selected tropical browses and their combinations 
using in vitro gas production technique. A.B.J.N.A. 5(5), 198-208 
Association of Official Analytical Chemists (AOAC). 2005. Official method 942.05. Determination of 
ash in animal feed. In: Official Methods of Analysis. 18th ed. Gaithersburg, USA. 
Association of Official Analytical Chemists (AOAC). 1990. Protein (crude) determination in animal 
feed: Copper catalyst Kjeldahl method. (984.13). In: Official Methods of Analysis. 15th ed. 
Gaithersburg, USA. 
Balogun, R.O., Jones, R.J., Holmes, J.H. G., 1998. Digestibility of some tropical browse species 
varying in tannin content. Anim. Feed Sci. Technol. 76(1-2), 77-88. 
Barahona, R., Lascano, C.E., Cochran, R., Morrill, J., Titgemeyer, E.C., 1997. Intake, digestion and 
nitrogen utilization by sheep fed tropical legumes with contrasting tannin concentration and 
astringency. J. Anim. Sci. 75, 1633-1640. 
Barahona, R., Sánchez, M.S., Murgueitio, E., Chará, J., 2014. Contribución de la Leucaena 
leucocephala Lam (de Wit) a la oferta y digestibilidad de nutrientes y las emisiones de metano 
entérico en bovinos pastoreando en sistemas silvopastoriles intensivos. En: Premio Nacional de 
Ganadería José Raimundo Sojo Zambrano, modalidad Investigación Científica. Revista Carta 











Bento, M.H.L., Acamovic, T., Makkar, H.P.S., 2005. The influence of tannin, pectin, and polyethylene 
glycol on attachment of 15N-labeled rumen microorganisms to cellulose. Anim. Feed Sci. Technol. 
122(1-2), 41–57. 
Bhatta, R., Uyeno, Y., Tajima, K., Takenaka, A., … Kurihara, M., 2009. Difference in the nature of 
tannins on in-vitro ruminal methane and volatile fatty acid production and on methanogenic 
archaea and protozoal populations. J. Dairy Sci. 92(11), 5512-5522. 
Bodas, R., Prieto, N., García, R., Andrés, S., Giráldez, F. J., López, S., 2012. Manipulation of rumen 
fermentation and methane production with plant secondary metabolites. Anim. Feed Sci. Technol. 
176(1), 78-93. 
Briceño-Poot, E.G., Ruiz-González, G.A., Chay-Canul, A.J., Ayala-Burgos, A.J., … Ku-Vera, J.C., 
2012. Voluntary intake, apparent digestibility and prediction of methane production by rumen 
stoichiometry in sheep fed pods of tropical legumes. Anim. Feed Sci. Technol. 176, 17-122. 
Cabezas-Garcia, E., Krizsan, S., Shingfield, K., Huhtanen, P., 2017. Between-cow variation in 
digestion and rumen fermentation variables associated with methane production. J. Dairy Sci. 100, 
1–16. https://doi.org/10.3168/jds.2016-12206 
Calsamiglia, S., Castillejos, L., Busquet, M., 2005. Estrategias nutricionales para modificar la 
fermentación ruminal en vacuno lechero. En: Rebollar, P.G., de Blass, C., Mateos, G.G. (Eds), 
XXI Curso de Especialización. Barcelona, España, pp. 161-185. 
Cammack, K.M., Austin, K.J., Lamberson, W.L., Conant, G.C., Cunningham. H.C., 2018. Ruminnat 
Nutrition Symposium: Tiny but mighty: the role of the rumen microbes in livestock production. J. 
Anim. Sci. 96(2), 752–770. https://doi.org/10.1093/jas/skx053 
 Canul, J.R., Piñeiro, A.T., Arceo, J.I., Alayón, J.A., Ayala, A.J., Aguilar, C.F., Solorio, F.J., Castelán, 
O.A., Lachica, M., Quintana, P., Ku, J.C., 2017. Design and construction of low-cost respiration 












Cersosimo, L.M. and Wright, AD.G. 2015. Rumen Methanogens. In: Puniya A., Singh R., Kamra D. 
(eds) Rumen Microbiology: From Evolution to Revolution. Springer, New Delhi, pp 143-
150Delgado, D.C., Galindo, J., González, R., González, N., Scull, I., Dihigo, L., Cairo, J., Aldama, 
A.I., Moreira, O., 2012. Feeding of tropical trees and shrub foliages as a strategy to reduce ruminal 
methanogenesis: studies conducted in Cuba. Trop. Anim. Health Prod. 44, 1097–1104. 
Ellis, J.L., Dijkstra, J., France, J., Parson, A.J.,  Edwards, G.R., Rasmussen, S., Kebreab, E., Bannink, 
A., 2012. Effect of high-sugar grasses on methane emissions simulated using a dynamic model. 
J. Dairy Sci. 95, 272-285. 
Faseleh, M., Liang, J.B., Mohamad, R., Goh, Y.M., Shokryazdan, P., Ho, Y.W., 2013. Lovastatin-
enriched rice straw enhances biomass quality and suppresses ruminal methanogenesis. BioMed. 
Res. Int. 13, 1-13. http://dx.doi.org/10.1155/2013/397934. 
Finlay, B.J., Esteban, G., Clarke, K.J., Williams, A.G., Embley, T.M., Hirt, R.P., 1994. Some rumen 
ciliates have endosymbiotic methanogens. FEMS Microbiol. Ecol. 117, 157–162. 
García, D.E. and Medina, M.G. 2006. Composición química, metabolitos secundarios, valor nutritivo 
y aceptabilidad relativa de diez árboles forrajeros. Zootec. Trop. 24(3).  
Gemeda, B.S. and Hassen. A., 2018. The potential of tropical tannin rich browses in reduction of 
enteric methane. APDV Sci. 1-9. ISSN: 2576-9162.  
Goering, H.K. and Van Soest, P.J., 1970. Forage Fiber Analysis. Agricultural handbook no. 379. US 
Department of Agriculture, Washington, DC, 1-20. 
Hess, H.D., Kreuzer, M., Díaz, T.E., Lascano, C.E., … Machmüller, A., 2003. Saponin rich tropical 
fruits affect fermentation and methanogenesis in faunated and defaunated rumen fluid. Anim. 
Feed Sci. Technol. 109, 79–94. 
Hook, S.E., Northwood, K.S., Wright, A.D.G., McBride, B.W., 2009. Long-term monensin 
supplementation does not significantly affect the quantity or diversity of methanogens in the rumen 











Hristov, A. N., Oh, J., Firkins, J.L., Dijkstra, J., … Tricarico, J.M., 2013. Special topics—Mitigation of 
methane and nitrous oxide emissions from animal operations: I. A review of enteric methane 
mitigation options. J. Anim. Sci. 91, 5045–5069. 
Hyland, J.J., Styles, D., Jones, D.J., Williams, A.P., 2016. Improving livestock production efficiencies 
presents a major opportunity to reduce sectoral greenhouse gas emissions. Agric. Sys. 147, 123-
131 
Instituto Nacional de Estadística, Geografía e Informática, INEGI. 2017. Anuario estadístico y 
geográfico Yucatán. México. p711 
International Organization for Standardization, ISO 9831. 1998. Animal feeding stuffs, animal 
products, and faeces or urine – Determination of gross calorific value – Bomb calorimeter method. 
Geneva, Switzerland.Janssen, P.H., 2010. Influence of hydrogen on rumen methane formation 
and fermentation balances through microbial growth kinetics and fermentation thermodynamics. 
Anim. Feed Sci. Technol. 160(1), 1-22. 
Jayanegara A., Goel G., Makkar H.P. S., Becker, K., 2015. Divergence between purified hydrolysable 
and condensed tannin effects on methane emission, rumen fermentation and microbial 
population in vitro. Anim. Feed Sci. Technol. 209, 60–68. 10.1016/j.anifeedsci.2015.08.002  
Johnson, K.A., Westberg, H.H., Michal, J.J., Cossalman, M.W., 2007. The SF6 tracer technique: 
Methane measurement from ruminants. In: Makkar, H.P and Vercoe, P.E (Eds), Measuring 
methane production from ruminants. Springer., Australia, pp. 33-67. 
Kaewpila, C. and Sommart, K., 2016. Development of methane conversion factor models for Zebu 
beef ca le fed low-quality crop residues and by-products in tropical regions. Ecol. Evol. 6(20), 7422 
– 7432. http://onlinelibrary.wiley.com/doi/10.1002/ece3.2500/epdf 
Kerem, Z., German-Shashoua, H., Yarden, O., 2005. Microwave-assisted extraction of bioactive 












Kriss, M. 1930. Quantitative relations of the dry matter of the food consumed, the heat production, 
the gaseous outgo, and the insensible loss in body weight of cattle. J. Agric. Res., 40. 283-295. 
Ku-Vera, J.C., Ruiz, G.A., Albores, M.S., Briceño, P.E., Espinoza, H.J.C., Ruiz, R.N., Contreras, 
H.L.M., Ayala, B.A.J., Ramírez, A.L., 2011. Alimentación de rumiantes en sistemas silvopastoriles 
intensivos: Avances de investigación básica. Memorias del Tercer Congreso sobre Sistemas 
Silvopastoriles Intensivos para la ganadería sostenible del siglo XXI. 2-4 marzo de 2011. Morelia, 
Michoacán, México. pp. 8-16. 
Lana, R.P., Russell, J.B., Van Amburgh, M.E. 1998. The role of pH in regulating ruminal methane 
and ammonia production. J. Anim. Sci. 76(8), 2190-2196. 
Landau, S., Silanikove, N., Nitsan, Z., Barkai, D., Baram, H., Provenza, F.D., Perevolotsky, A., 2000. 
Short-term changes in eating patterns explain the effects of condensed tannins on feed intake in 
heifers. Appl. Anim. Behav. Sci. 69, 199–213. 
Makkar, H.P., 2003. Measurement of total phenolics and tannins using Folin-Ciocalteu method. In 
Makkar, H., (Eds), Quantification of tannins in tree and shrub foliage: A Laboratory Manual. Kluwer 
Academic Publishers. Dordrecht, Netherlands, pp. 49-50. 
Martinele, I., Silva, L., D’Agosto, M., Neves E., De Sá, J.L., De Arruda, G.R. 2014. Abundance and 
diversity of rumen protozoa in lambs fed Gliricidia sepium silage. Rev. Bras. Zootec. 43(8),436-
439.  
Millen, D.D., Pacheco, R.D.L., da Silva, L., Cursino, L.L., Watanabe, D.H.M., Rigueiro, A.L.N., 2016. 
Ruminal Acidosis. In: Millen D., De Beni, M., Lauritano, R. (Eds) Rumenology. Springer 
International Publishing., Brasil, pp127-156.  
Molina, I.C., Angarita, E.A., Mayorga, O.L., Chará, J., Barahona-Rosales, R., 2016. Effect of 
Leucaena leucocephala on methane production of Lucerna heifers fed a diet based on Cynodon 











Molina, I.C., Cantet, J.M., Montoya, S., Correa, G., Barahona, R., 2013. Producción in vitro de metano 
de dos gramíneas tropicales solas y mezcladas con Leucaena leucocephala o Gliricidia sepium. 
CES Med. Vet. Zootec. 8,15–31. 
Monforte-Briceño, G.E., Sandoval, CA., Ramírez, L., Capetillo, C.M., 2005. Defaunating capacity of 
tropical fodder trees: Effects of polyethylene glycol and its relationship to in vitro gas production. 
Anim. Feed Sci. Technol. 123–124, 313–327. 
Morgavi, D.P., Martin, C., Jouany, J.P., Ranilla, M.J., 2012. Rumen protozoa and methanogenesis: 
not a simple cause–effect relationship, Br. J. Nutr. 107, 388–397. 
Mpairwe, D.R., Sabiiti, E.N., Mugerwa, J.S. 1998. Effect of dried Gliricidia sepium leaf supplement on 
feed intake, digestibility and nitrogen retention in sheep fed dried KW4 elephant grass 
(Pennisetum purpureum) ad libitum. Agrofor. Syst. 41, 139–150. 
Myhre, G., Shindell, D., Bréon, F.M., Collins, W., Fuglestvedt, J., Huang, J., Koch, D., Lamarque, 
J.F., Lee, D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G., Takemura, T., Zhang, H., 
2013. Anthropogenic and natural radiative forcing. In: Climate Change 2013: The Physical Science 
Basis. Contribution of Working Group I to the Fifth Assessment Report of the Intergovernmental 
Panel on Climate Change. Stocker, T.F., Qin, D., Plattner, G.K., Tignor, M., Allen, K., Doschung, 
J., Nauels, A., Xia, Y., Bex, V., Midgley, P.M., (Eds), Cambridge University Press, UK, and New 
York, NY, pp. 659-740, doi:10.1017/CBO9781107415324.018. 
Nutrient Requirements of Beef Cattle, NRC, 2001. National Academies of Sciences, Engineering, and 
Medicine. Seventh Revised Edition. Washington, DC: The National Academies Press. 
Nutrient Requirements of Beef Cattle, NRC., 2016. National Academies of Sciences, Engineering, 
and Medicine. Eighth Revised Edition. Washington, DC: The National Academies Press. 
https://doi.org/10.17226/19014  
Newbold, C.J., de la Fuente, G., Belanche, A., Ramos-Morales, E., McEwan, N.R., 2015. The role of 










Newbold, C.J., Hassan, S.M.E., Wang, J., Ortega, M.E., Wallace, R.J., 1997. Influence of foliage from 
African multipurpose tree on activity of rumen protozoa and bacteria. Br. J. Nutr. 78, 237–249. 
Ojeda, Á., Obispo, N., Gil, J.L., Matute. I., 2015. Perfil cualitativo de metabolitos secundarios en la 
fracción comestible de especies leñosas seleccionadas por vacunos en un bosque 
semicaducifolio. Pastos y Forrajes. 38,64–72. 
Oleszek, W., 1990. Structural specificity of alfalfa (Medicago sativa) saponin haemolysis and its 
impact on 378 two haemolysis based quantification methods. J. Sci. Food Agric. 53, 477-485. 
Ondiek, J.O., Abdulrazak, S.A., Tuitoek, J.K., Bareeba, F.B., 1999. The effects of Gliricidia sepium 
and maize bran as supplementary feed to Rhodes grass hay on intake, digestion and liveweight 
of dairy goats. Livest. Prod. Sci. 61, 65–70. 
Ørskov, E.R., Barnes, B.J., Lukins, B.A., 1980. A note on the effect of different amounts of NaOH 
application on digestibility by cattle of barley, oats, wheat and maize. J. Agric. Sci. 94(2), 271-273. 
Ørskov, E.R. and McDonald, I., 1979. The estimation of the protein degradability in the rumen from 
incubation measurements weighted according to rate of passage. J. Agric. Sci. 92, 449–503. 
Patra, A., Park, T., Kim, M., Yu, Z., 2017. Rumen methanogens and mitigation of methane emission 
by anti-methanogenic compounds and substances. J. Anim. Sci. Biotechnol. 8(13). 
http://doi.org/10.1186/s40104-017-0145-9 
Patra, A.K., and Saxena, J. 2009. The effect and mode of action of saponins on the microbial 
populations and fermentation in the rumen and ruminant production. Nutr. Res. Rev. 22(2), 204-
219. 
Patra, A. K., and Saxena, J., 2011. Exploitation of dietary tannins to improve rumen metabolism and 
ruminant nutrition. J. Sci. Food Agric. 91, 24–37.  
Patra, A.K., and Lalhriatpuii, M. 2016. Development of statistical models for prediction of enteric 
methane emission from goats using nutrient composition and intake variables.  Agric. Ecosyst. 











Phesatcha, K., and Wanapat, M. 2016. Tropical legume supplementation influences microbial protein 
synthesis and rumen ecology. J. Anim. Physiol. Anim. Nutr. 101(3).   
Piñeiro-Vázquez, A.T., Ayala-Burgos A.J., Chay-Canul, A.J., Ku-Vera, J.C., 2013. Dry matter intake 
and digestibility of rations replacing concentrates with graded levels of Enterolobium cyclocarpum 
in Pelibuey lambs. Trop. Anim. Health. Prod. 45, 577–583.  
Popova, M., Martin, C., Eugène, M., Mialon, M.M., Doreau, M., Morgavi, D.P., 2011. Effect of fibre-
and starch-rich finishing diets on methanogenic Archaea diversity and activity in the rumen of 
feedlot bulls. Anim. Feed Sci. Technol. 166-167, 113–121 
Rastrelli, L., Caceres, A., De Simone, F., Aquino, R., 1999. Studies on the constituents of Gliricidia 
sepium (Leguminosae) leaves and roots: isolation and structure elucidation of new triterpenoid 
saponins and aromatic compounds. J. Agric. Food Chem. 47, 1537-1540. 
Richards, M.B., Wollenberg, E., Vuuren, D., 2018. National contributions to climate change mitigation 
from agriculture: allocating a global target, Climate Policy, DOI: 10.1080/14693062.2018.1430018 
Rira, M., Morgavi, D.P., Archimède, H., Marie-Magdeleine, C., Popova, M., Bousseboua, H., Doreau, 
M., 2015. Potential of tannin-rich plants for modulating ruminal microbes and ruminal fermentation 
in sheep. J. Anim. Sci. 93, 334–347. 
Roehe, R., Dewhurst, R.J., Duthie, C.A., Rooke, J.A., … Wallace, J., 2016. Bovine host genetic 
variation influences rumen microbial methane production with best selection criterion for low 
methane emitting and efficiently feed converting hosts based on metagenomic gene abundance. 
PLoS Genet .12(2). e1005846. doi:10.1371/journal.pgen.1005846 
Rao, I., Peters, M., Castro, A., Schultze-Kraft, R., … Rudel, T., 2015. LivestockPlus –The sustainable 
intensification of forage-based agricultural systems to improve livelihoods and ecosystem services 
in the tropics.  Tropical Grasslands – Forrajes Tropicales. 3, 59−82.   
Rojas, M.M., Nejadhashemi, A.P., Harrigan, T., Woznicki, S.A., 2017. Climate change and livestock: 











Rojas-Herrera, R., Narváez-Zapata, J., Zamudio-Maya, M., Mena-Martínez, M.E. 2008. A simple 
silica-based method for metagenomic DNA extraction from soil and sediments. Mol. Biotechnol. 
40,13-17. 
Saminathan, M., Sieo, C.C., Gan, H.M., Abdullah, N., Wong, C.M.. Ho, Y.W. 2016. Effects of 
condensed tannin fractions of different molecular weights on population and diversity of bovine 
rumen methanogenic archaea in vitro, as determined by high-throughput sequencing. Anim. Feed 
Sci. Technol. 216, 146–160. 
SAS Institute. 2012. User’s Guide: Statistics Version 9.4. SAS Inst. Inc., Cary, NC 
Schneider, B.H., and Flatt, W.P., 1975. The evaluation of feeds through digestibility experiments. 
University of Georgia Press. 
Schofield, P., Mbugua, D.M., Pell, A.N., 2001. Analysis of condensed tannins: a review. Anim. Feed 
Sci. Technol. 91(1-2), 21-40. 
Seresinhe, T., Madushika, S.A.C., Seresinhe, Y., Lal, P.K., Orskov, E.R., 2012. Effects of tropical 
high tannin non legume and low tannin legume browse mixtures on fermentation parameters and 
methanogenesis using gas production technique. Asian-Australas. J. Anim. Sci. 25,1404-1410. 
Silanikove, N., Gilboa, N., Nir, I., Perevolotsky, A., Nitsan, Z., 1996. Effect of a daily supplementation 
of polyethylene glycol on intake and digestion of tannin-containing leaves (Quercus calliprinos, 
Pistacia lentiscus, and Ceratonia siliqua) by goats. J. Agric. Food Chem. 44,199–205. 
Silivong, P., Hervaseng, B., Preston, T.R., 2013. Methane production from Jack fruit, Muntingia, 
Leucaena, Gliricidia (Gliricidia sepium), Mimosa (Mimosa pigra) and Acacia 
auriculoformis foliages in an in vitro incubation with potassium nitrate as source of NPN. Livest. 
Res. Rural. Dev. 6 (1). 
Stevenson DM., and Weimer, P.J., 2007. Dominance of Prevotella and low abundance of classical 
ruminal bacterial species in the bovine rumen revealed by relative quantification real-time PCR. 











Sylvester, J.T., Karnati, S.K.R., Yu, Z.T., Morrison, M., Firkins, J.L., 2004. Development of an assay 
to quantify rumen ciliate protozoal biomass in cows using real-time PCR. J. Nutr. 134, 3378–3384. 
Valencia, S., Piñeiro, A.T., Molina, I. C., Lazos, F.J., Uuh, J.J., Segura, M., Ramírez, L., Solorio, F.J., 
Ku, J.C., 2018. Potential of Samanea saman pod meal for enteric methane mitigation in crossbred 
heifers fed low-quality tropical grass. Agric. Forest Meteorol. 
https://doi.org/10.1016/j.agrformet.2017.12.262 
Valderrama, X., and Anrique, R., 2011. In situ rumen degradation kinetics of high-protein forage crops 
in temperate climates. Chil. J. Agr. Res. 71, 572-577. 
Van Kessel, J.A., and Russell, J.B., 1996. The effect of pH on ruminal methanogenesis. FEMS 
Microbiol. Ecol, 20(4), 205-210. 
Widiawati, Y., Winugroho, M., Teleni, E., Thalib, A. 2007. Fermentation kinetics (in vitro) of Leucaena 
leucocephala, Gliricidia sepium and Calliandra callothyrsus leaves (3) the pattern of gas 
production, organic matter degradation, pH, NH3 and VFA concentration; estimated CH4 and 



























Dry matter  925.9 962.8 924.9 926.8 927.0 860.0 
Crude protein (g/kg DM) 55.1 154.2 170.3 427.6 166.7 31.5 
Neutral detergent fiber (g/kg DM) 757.3 289.5 575.4 257.5 474.5 n.d. 
Acid detergent fiber (g/kg DM) 466.4 205.6 451.8 73.7 134.8 n.d. 
Gross energy (MJ/kg DM) 163.7 176.9 182.5 181.6 173.0 146.9 
Ash (g/kg DM) 88.8 37.8 99.7 69.7 62.4 119.0 
Total phenols (mg/g) 6.11 16.77 6.03 n.d. n.d. n.d. 
Tannins phenols (mg/g) 1.76 10.81 0.80 n.d. n.d. n.d. 
Condensed tannins (mg/g)  0 41.3 45.9 n.d. n.d. n.d. 
Saponins (mg/g)  0 27.0 17.0 n.d. n.d. n.d. 
DM = Dry matter 













Table 2. Proportion of ingredients and chemical composition of the experimental diets 
  
Level of incorporation of E. cyclocarpum + 
G. sepium in the ration (% DM) 
  0 15 30 45 
Ingredients (g/kg DM) 
Brachiaria brizantha 747 653 557 461 
Gliricidia sepium 0.0 75 150 225 
Enterolobium cyclocarpum 0.0 75 150 225 
Soybean meal 104 8.0 57 34 
Wheat bran 104 8.0 57 34 
Cane molasses 32 24 17 8.0 
Minerals1 13 13 13 13 
Chemical composition (g/kg DM) 
Crude protein  104.0 108.6 113.8 118.9 
Neutral detergent fiber 641.8 617.9 593.3 568.6 
Acid detergent fiber  370.1 370.5 370.3 370.0 
Gross energy (MJ/kg DM) 16.4 16.6 16.8 17.0 
Ash  83.9 81.7 79.7 77.3 
Total phenols  4.6 5.7 6.8 7.9 
Tannins phenols  1.3 2.0 2.7 3.4 
Condensed tannins  0.0 6.5 13.1 19.6 
Saponins  0.0 3.3 6.6 9.9 
DM= dry matter. 
1 Mineral premix contained (minimum values per kg): 40 g P, 120 g Ca, 0.74 g Fe, 10 g Mg, 400 g NaCl, 












Table 3. Intake and digestibility of nutrients and energy by heifers fed increasing levels of 
G. sepium foliage mixed with pods of E. cyclocarpum in the ration. 
Items 
Level of incorporation of E. 
cyclocarpum and G. sepium in the 
ration (% DM)     Contrast 
0 15 30 45 SE 
p-
value L Q C 
LW (kg) 231 234 244 242 9.72         
ADG (g/d) 382 556 465 410 183.2 0.585 0.989 0.258 0.500 
  Intake                   
DM (kg/d) 5.18 5.23 5.57 5.57 0.33 0.272 0.085 0.873 0.423 
DM (% LW) 2.23 2.24 2.27 2.30 0.07 0.561 0.197 0.815 0.770 
OM (kg/d) 4.75 4.80 5.13 5.14 0.30 0.219 0.064 0.886 0.416 
CP (g/d) 542c 573bc 635ab 663a 33.8 0.008 0.001 0.946 0.426 
NDF (kg/d) 3.32 3.23 3.31 3.17 0.21 0.725 0.455 0.865 0.439 
ADF (kg/d) 1.91 1.93 2.06 2.06 0.13 0.259 0.081 0.895 0.407 
Condensed tannins (g/d) 0d 34.2c 72.9b 109a 6.22 0.001 0.001 0.672 0.580 
Saponins (g/d) 0d 17.3c 36.8b 55.2a 2.63 0.001 0.001 0.688 0.575 
      Apparent nutrient digestibility (g/kg)  
DM 528 572 594 568 38.97 0.225 0.158 0.127 0.778 
OM  651 643 649 634 18.16 0.568 0.301 0.699 0.416 
CP 654ab 687a 661ab 641b 16.00 0.035 0.121 0.018 0.124 
NDF  669a 627ab 628ab 586b 23.30 0.014 0.003 0.985 0.156 
ADF  631a 591ab 607ab 552b 24.20 0.019 0.006 0.533 0.059 
     Digestible intake                    
OM (kg/d) 3.05 3.07 3.30 3.23 0.25 0.317 0.118 0.648 0.282 
CP (g/d) 350b 391ab 416a 422a 20.6 0.009 0.002 0.140 0.958 
NDF (kg/d) 2.19 2.01 2.05 1.84 0.16 0.095 0.029 0.845 0.212 
ADF (kg/d) 1.19 1.13 1.24 1.12 0.10 0.366 0.766 0.575 0.117 
     Energy intake (MJ/d)                   
Gross energy  84.90 85.82 91.33 91.41 5.31 0.260 0.080 0.878 0.433 
Digestible energy 68.36 69.24 74.81 74.88 0.30 0.214 0.008 0.889 0.426 
LW = live weight;  
ADG = average daily gain;  
DM =dry matter;  
OM =organic matter;  
CP =crude protein;  
NDF = neutral detergent fiber;  











L = linear contrast;  
Q = quadratic contrast; 
C = cubic contrast;  













Table 4. Rumen DM degradation (g/kg DM) of different feed components. 
Items 













a 542.0b 475.7c 623.3a 338.2d 286.5e 10.5 0.001 
b 449.1a 317.2c 247.8d 341.6b 458.0a .8.32 0.001 
c 1181a  1.12ab 00.62bc 00.71bc 0.34c 4.81 0.001 
a + b 9911a 792.9c 871.3b 678.8e 744.4d 0.35 0.001 
K p 20.04b 1.03b 0.71b 0.78b 30.9a 0.35 0.001 
ERD (%) 892.6a 695.9b 761.4ab 542b 454.8c 53.3 0.001 
a,b,c,d Means in the same column with different letters are statistically different according to Tukey's test 
(P<0.05). 
a = very rapidly degradable fraction; b = slowly degradable fraction;  
a + b = degradation potential;  
Kp = rate of passage;  
c = constant rate of degradation (per hour);  











Table 5. Molar proportions of volatile fatty acids (VFA) in the rumen of heifers fed Brachiaria 
brizantha and increasing levels of E. cyclocarpum pods mixed with foliage of G. sepium in 
the ration 
Items Level of incorporation of E. 
cyclocarpum and G. sepium 







 0 15 30 45 L Q C 
Rumen pH 6.94 6.68 6.66 7.03 0.25 0.350 0.932 0.094 0.865 
Acetic acid (mmol/L) 60.7 59.6 59.0 58.4 3.10 0.774 0.337 0.861 0.961 
Propionic acid (mmol/L) 17.0 19.0 19.6 19.0 1.29 0.105 0.057 0.089 0.929 
Butyric acid (mmol/L) 10.1 11.1 12.5 13.2 1.78 0.155 0.034 0.892 0.817 
Isobutyric acid (mmol/L) 3.51 3.82 3.50 4.38 0.90 0.513 0.293 0.545 0.399 
Acetic:propionic ratio 3.58 3.16 3.01 3.07 0.27 0.079 0.031 0.116 0.919 
L = linear contrast;  
Q = quadratic contrast;  
C = cubic contrast;  












Table 6.  Enteric CH4 production in heifers fed Brachiaria brizantha and increasing levels of 
E. cyclocarpum pods mixed with foliage of G. sepium in the ration. 
Items 
Level of incorporation of E. 
cyclocarpum and G. sepium in 






0 15 30 45 L Q C 
CH4 (g)/d 144.8 140.1 141.3 143.3 4.88 0.570 0.788 0.218 0.655 
CH4 (g)/DMI (kg) 28.20 26.80 25.56 25.89 1.50 0.165 0.050 0.299 0.689 
CH4 (g)/DDMI (kg) 49.93 47.28 43.22 46.08 3.33 0.131 0.081 0.149 0.307 
CH4 (g)/DCP (kg) 413.1a 359.5b 339.7b 341.8b 17.7 0.003 0.001 0.013 0.452 
CH4 (g)/DNDF (kg) 121.9 125.6 114.1 129.0 10.6 0.313 0.691 0.331 0.128 
CH4 (g)/DADF (kg) 65.9 70.4 68.8 78.8 5.93 0.091 0.031 0.392 0.233 
Energy loss as CH4 (% GE) 9.57 9.09 8.67 8.80 0.51 0.157 0.051 0.281 0.683 
kg eq CO2 /year 1094 1059 1068 1084 36.9 0.571 0.788 0.218 0.655 
CH4 (kg)/ADG (kg)/year 0.38a 0.25c 0.30b 0.35a 0.01 0.001 0.179 0.001 0.001 
a,b Means in the same column and item with different letters are statistically different according to Tukey's 
test (P>0.05).  
CH4 (g/d) = grams of CH4 per day;  
DMI = dry matter intake;  
DDMI = digestible dry matter intake;  
DCP = digestible crude protein;  
DNDF = digestible neutral detergent fiber; 
DADF = digestible acid detergent fiber;  
GE = gross energy;  
ADG = average daily gain.  
L = linear contrast;  
Q = quadratic contrast;  
C = cubic contrast;  
SE = standard error.   










Table 7. Effect of treatments on the total population of bacteria, protozoa and archaea (copy 
number/mL rumen fluid) in heifers fed Brachiaria brizantha and increasing levels of pods of 
E. cyclocarpum mixed with foliage of G. sepium in the ration. 
Rumen microbes (copy 
number/mL) 
 
Level of incorporation of E. 
cyclocarpum and G. sepium 





0 15 30 45 SE L Q C 
Total bacteria [log10] 9.88 9.73 9.74 9.95 0.19 0.366 0.661 0.107 0.898 
Total protozoa [log10] 4.91 4.72 4.77 4.94 0.13 0.149 0.639 0.035 0.708 
Methanogenic archaea [log10] 7.77 7.69 7.61 7.61 0.27 0.974 0.814 0.837 0.759 
a,b Means in the same column and item with different letters are statistically different according to Tukey's 
test (P>0.05). 
 L = linear contrast;  
Q = quadratic contrast;  
C = cubic contrast;  
SE = standard error.   
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